An experimental study is reported which investigates the wall shear stress (WSS) distribution in a transparent model of the human aorta comparing a bileaflet mechanical heart valve (BMHV) with a trileaflet mechanical heart valve (TMHV) in physiological pulsatile flow. Elastic micro-pillar WSS sensors, calibrated by microParticle-Image-Velocimetry measurement, are applied to the wall along the ascending aorta (AAo). Peak WSS values are observed almost twice in BMHV compared to TMHV.
Introduction
The heart valves of the left ventricle of the human heart are subject to the highest mechanical loads of all valves and therefore are often the first to deteriorate in elderly people [1] . The mitral valve and the aortic valve control the unidirectional flow of oxygenated blood from the lung towards the arterial system via the left ventricle muscle activity. Diseases of both valves lead to a morbidity rate of 44% and 34% respectively [2, 3] if not treated successfully by either repair or replacement with artificial prostheses. Compared to the common coronary heart disease, although the pervasiveness of the heart valve disease (HVD) is small, the effect of HVD is disproportionately huge, because of the need of long-term follow-up, and expensive treatment costs and investigation [4] . Concomitantly, it is reported that the number of patients in need of heart valve replacement is almost 290,000 in 2003, which is estimated to be triple by 2050 [5] . However, the replacement of artificial heart valves has been proved to cause a wide variety of valve-related complications, causing sometimes severe disability or even death [6] . One main reason is that hemodynamics induced by artificial heart valves is different from the natural valve. There is a huge requirement to better qualify hemodynamics performance of artificial heart valves and make improvement in the design. Fluid mechanics of artificial heart valve has attracted extensive attention in the past, for review papers see Sotiropoulos et al. [7] and Yoganathan et al. [3] . The additional jets generated by artificial heart valves usually generate much higher velocity gradients than the natural valve [8] . In addition to the complex core flow, the interaction between the vessel walls and the jets is also of great importance, since high-velocity gradient, i.e. high magnitude of wall shear stress (WSS), on the impacting region is formed. WSS provides a connection between the fluid mechanics of blood flow and the biology affecting many cardiovascular diseases. Oscillating shear forces plus large WSS gradients probably promote the development of intimal hyperplasia (IH). [9] Moreover, a high WSS could lead to stressrelated damage of the vessel's inner walls [10, 11] . Besides, aortic aneurysm rupture is believed to occur when the mechanical stress acting on the wall, composed of pressure forces and the WSS, exceeds the strength of the wall tissue [12] . It has also been reported that vessel segments under the impact of low WSS or highly oscillatory WSS are at the highest risk to develop atherosclerosis. Therefore, it is expected that WSS mapping could contribute to the multidisciplinary and multifactorial approach to detect early atherosclerosis [13] .
It is obvious that there is an urgent requirement to qualify the valve prosthesis not only from a hydraulics viewpoint but to include also the connecting vessel walls into the design and qualification process. The stresses acting on the walls are composed of the normal stresses (pressure) and the tangential stresses (WSS), both being important to estimate the load of the endothelial cells at the walls. Although it has been reported that the oscillation, low or high magnitude of the WSS can lead to severe heart diseases, [10, 11] to our knowledge, most of the previous studies [1, 8, 14] on the qualification of the artificial valves mainly focus on the flow field in the vicinity of artificial valves in simplified straight vessel models. Only very little attention is paid to the effects of the implanted artificial heart valves on WSS magnitude and distribution along the aortic wall [15] . As for measurement methods, there are quite a lot of limitations to perform measurements in a natural condition, as the test section are organs in vivo and the fluid is blood. The limited spatial resolution of the in-vivo measurements such as magnetic resonance imaging (MRI) [16] leads to huge challenge to measure WSS accurately. Also, it is high-risk to qualify a newly designed artificial Submitted for possible publication in Journal of Biomechanical Engineering 4 heart valve by implanting it into a human body. The in-vitro measurement such as Particle Image Velocimetry (PIV) still require optical access. It is also difficult to apply direct measurements by using MEMS or other WSS sensors to such studies. In our study, we applied flexible micro-pillar sensors, for the first time, to imaging of the wall shear stress along the AAo. The micro-pillar sensors have a broad application prospect, they could be even applied to a non-transparent fluid such as blood if markers are attached to the sensor tips. Calibration is done herein with highly resolved PIV measurements in a transparent flow rig.
Materials and Methods

Heart valve prosthesis
Artificial heart valves are divided into two major types, mechanical heart valves (MHV) and bioprosthetic heart valves. Until recently, heart valve replacement was commonly performed using MHV, which offer a life-long durability [17] . We herein focus on the comparative study of MHV, including SJM Regent BMHV (St. Jude Medical Inc., Minnesota, U.S.) and Triflo TMHV (Triflo Medical Inc., Neuchâtel, Switzerland) with the same diameter DA = 25 mm (see Fig. 1 ). SJM Regent valve is a wildly used MHV and therefore taken as a control valve in our comparative study. Nonetheless, clinical reports indicate that conventional MHVs are still unable to avoid the problems of cardiovascular diseases and complications on the long-term anticoagulation [6] . Triflo TMHV consists of three leaflets that open to form a central orifice for the blood to flow through and three side orifices jets. The design of TMHV more closely resembles the native aortic valves and is assumed to have a better hemodynamic performance.
An open circular orifice nozzle is also used to perform in-situ micro-PIV measurements for the calibration of the micro-pillar sensors.
Experimental setup
The experimental setup is described in detail in our previous studies [18, 19] and is shortly summarized herein. The geometry data of the model aorta are taken from Vasava et al. [20] , who simplified the geometry derived from the three-dimensional reconstruction of a series of two-dimensional slices obtained in vivo using CAT scan imaging on a human aorta by Shahcheraghi et al. [21] (see table 1 ). Although the geometrical dimensions of human aorta may slightly vary with age and sex, the comparative effects observed between the bileaflet mechanical heart valve (BMHV) and the trileaflet mechanical heart valve (TMHV) should represent the relative differences in a realistic manner. The diameter of the aorta is DA=25mm and the MHVs are selected to properly fit the size. The 180° curved bend representing the aortic arch with sinuses of Valsalva (SOV) has a planar symmetry plane (crossing the left sinus in the middle), which is useful for our model fabrication and sensor integration. The transparent model of the aorta is the same as used in [18] . It consists of two symmetric halves made out of silicone (Elastosil RT 601™, refractive index n ≈ 1.4095) which are later assembled together as shown in Fig. 2(b) . The sensors are integrated into the model with a thin sheet (thickness of 100 µm), which is clamped between both halves. This sheet is made from Polydimethylsiloxane (PDMS) (density ρPDMS ≈ 1030 kg·m -3 , Young's modulus E ≈ 1.24 MPa) and carries at its inner contour twelve flexible micropillars that extend out of the contour (see Fig. 2(c) ). The curved contour of the sheet is adapted to the geometry of the inner wall of the model such that it is flush with the wall with the flexible micro-pillars protruding into the inner of the flow. There, the micro-pillars are subject to drag forces proportional to the WSS, which causes their bending relative to the situation when the liquid is at rest. Note that the working liquid in our study has a Newtonian behaviour which differs from the behaviour of blood. However, for vessels with diameter larger than 1 mm it has been proven in former studies that blood behaviour can be approximated as Newtonian fluid. [22, 23] A newly developed PIV plasma with rheological and coagulation properties has been reported by Clauser et al. [24] . The viscosity used in our study is at the upper range of their study.
Artery properties
The MHVs are mounted at the sinus root in the centre of the transparent container (see Fig. 3 Another set of High-speed PIV measurements was done in the transparent inlet tube in the centre plane while the pulse generator was working in testing conditions. The axial velocity profile u(r,t) across the circular cross-section of the tube was determined from the PIV data and the flow rate Q(t) was then calculated from the integral:
where R is the inner radius of the inlet tube at the location of the measured profile.
Wall shear stress imaging
First wall shear stress measurements using flexible micro-pillar sensors were documented in Brücker et al. [26] and the method is applied herein for the comparative measurements of the wall shear stress downstream of different heart valve prostheses. The static and dynamic response of these sensors illustrated in Fig.   4 (a) is characterized for different pillar shapes and fluids in our previous studies. [27, 28] For accurate measurements of the WSS there exist several conditions which need to be fulfilled: [27, 28] -To avoid that gravitational forces influence the pillar motion, the density of the flexible micro-pillar sensor should be of the same order of the density of the working liquid, which is the case for the micro-pillars used herein -Viscous forces should dominate the drag on the pillar, which is when the local Reynolds-number, characterized by the small scale of the pillar, = ⁄ is of order O(10) or less. This ensures also that no vortex shedding occurs. An estimation with a tip velocity of half of the peak velocity UP yields a value of ReTip = 10.
-The height of the micro-pillar should be such that it is in the linear range of the velocity profile near the wall. This is often a compromise between sensitivity and visibility and therefore a first order approximation is often estimated in the form 
respectively, where = ⁄ is the kinematic viscosity. Thus, the Kolmogorov scales for the considered aortic flow in our study are estimated to be ≈ 0.8 and ≈
60
. The response time of the micro-pillars is tested in a step response test where we applied a force to one of the pillars and recorded the relaxation back to equilibrium in the same liquid environment as in the aorta flow studies. The dynamic response is that of a clamped cantilever beam which is critically damped and is represented by the equations for a damped second order oscillator [27, 28] . The sensor response time is calculated to 95 = 5 (the response time is defined as the time required to reach 95% of the final equilibrium position) and the response remains nearly constant up to frequencies of 200Hz. Our focus is on oscillations in WSS that are induced by coherent flow structures, which are typically more than one order of magnitude larger in spatial and temporal scales than compared to the Kolmogorov scales. Previous studies confirmed that the important characteristics of heart valve flows is the dominance of large-scale coherent structures over any random fluctuations due to turbulence. [7] For the micro-pillar sensors applied herein, it is further assumed that only the lowfrequency range portion persists within the very near-wall region, which is associated with the near-wall dynamics of the coherent vortex structures. [26] These arguments above show that the response time of the sensors is sufficient to address our research questions.
Under the above given assumptions the micro-pillar tip bending is then direct proportional to the wall shear rate with a constant response up to frequencies of about 200Hz [27, 28] . The proportionality factor is obtained in a calibration test under the same pulsatile flow conditions in the aortic arch where the micro-pillars are recorded simultaneous with micro-PIV measurements, in which the tip's displacement along the wall is calibrated by the wall-normal gradient of the tangential velocity.
The micro-pillar sensors labelled from 1 to 12 are placed uniformly along the outer aortic wall in the AAo (see Fig. 3 processing is shown in Fig. 4(b) . Cross-correlation of successive images is performed with a window size of 240×64 px 2 and 75% overlap to determine the velocity profile near the wall. One exemplary snapshot of the profile is plotted in Fig. 4 (c) and the slope of the linear curve-fit is further taken as the value of the instantaneous time-series of the micro-PIV measurements is used to determine the proportionality constant, which remains constant also for other instants in the flow profile. The comparative plots of the wall shear rate distribution over the systolic cycle (see Fig.   4 (d)) show that the time-resolved micro-pillar signal coincides well with the results of the micro-PIV measurement. At the end of systolic cycle, the downstream near wall flow field is quite complex and often not enough tracer particle remain in the interrogation window which is why the micro-PIV data fail in the late phase of valve closure. Note, that imaging of the WSS distribution can be done simultaneous for 4-8 micro-pillar sensors while for the micro-PIV measurements very high seeding densities are required to get good PIV results near the wall, which is often not possible due to strong reflections and particle migration to the core flow away from strong near-wall velocity gradients. This is why WSS measurements using the micro-pillar sensors are ideally suited for complex flows as expected in the valve studies.
Results
Inlet flow condition and leaflet kinematics
The inlet flow profile is shown in see Fig. 5 (a), with a systolic heart beat duration of 
where is the heart rate. It is obtained that = 5340, = 0.019 and = 16.
The critical peak Reynolds number is calculated according to [30] The more significant high FTLE value shown at the left sinus region in Fig. 7(d) indicates that there is a stronger wash-out flow compared to BMHV, which is supported by the displacement fluid generated by of the outwards rotating leaflet. The separated shear layers at the outer and inner edge of the leaflet are presented by the side orifice jet and central orifice jet separately. Thereafter, these two jets mix together and travel towards the centre of the aorta instead of impacting on the vessel wall at peak systole (see Fig. 7 (e) and (f)).
Besides, the absolute value of out-of-plane vorticity field is integrated across the During the valve opening phase, the flow acceleration generates a progressive rise of the wall shear rate with similar shape for all configurations. In this early phase, the displacement effect generated by the opening valves is similar for all configurations and the WSS is mainly influenced by bulk flow movement. The measured profiles resemble in this phase strongly those of the reference flow without a valve.
Thereafter, BMHV shows a further increase of wall shear rate, which is linked to a stronger wash-out flow from the side orifice jet. At around 0.2Tsys, a drop is seen for both MHVs. This is caused by the passing-by of the counter-clockwise-rotating vortex structure of the inner starting vortex which temporarily induces a reduction of the near-wall flow velocity.
Shortly thereafter, a large positive peak of the wall shear rate appears around the peak systole in BMHV, which is caused by the impact of the strong side orifices jet-like flow travelling the outer aortic wall in the AAo. The peak wall shear rate reaches 2123 s -1 in BMHV while the peak wall shear rate in TMHV configuration is only 910 s -1 , which is less than half of the BMHV and of similar magnitude as observed for the reference case.
After this peak, it shows characteristic waviness of wall shear rate profiles, which is due to the shear-layer roll-up at the region between the core flow and the aortic wall when global flow starts decelerating. It can also be found that the waviness is larger in BMHV compared with the TMHV, which means the rolling-up of the shear layer along the outer aortic wall in the AAo of BMHV is more intense. This phenomenon is more significant at further downstream region of BMHV (see Fig. 8(b) ) from 0.35Tsys to 0.6Tsys. Moreover, the peak wall shear rate of BMHV is 2046 s -1 , which is still twice the value of the peak wall shear rate of TMHV in this region, i.e. 1030 s -1 .
Discussion and Conclusion
Our detailed experimental results of the flow field generated by BMHV in the aortic arch can be compared to previous studies by Dasi et al. [8] and De Tullio et al. [14] at similar non-dimensional flow parameters and inlet flow profiles. As we use a more realistic curved geometry of the arch compared to the straight axisymmetric aorta of During valve opening, a strong wash-out flow at SOV is observed in TMHV. It indicates that, compared to BMHV, TMHV has a better performance on assisting blood transportation to coronary arteries, which helps with blood supply to the heart muscle.
In addition, the zig-zag type flow pattern representing the vortex streets in the wake of the leaflets of BMHV is not observed in TMHV configuration. Rather, the latter shows a more homogeneous core flow with less small-scale structures generated in the shear layers. Besides, the side orifice jet of BMHV impacts on the outer wall of the In summary, the main focus of our study is to investigate the mechanical load imposed by WSS along the vessel wall in the AAo when MHV prostheses are implanted. Our study describes new direct time-resolved WSS measurements with an array of calibrated sensors distributed along the curved aortic wall, by which we investigate the effects of MHVs on WSS distribution. The technique of micro-pillar WSS imaging is applied to achieve details of the shear stress working on the blood cells near the wall regions and the endothelial cells during a whole systolic cycle, which normally is very difficult to achieve. The results show that the peaks in WSS are located with the impact regions of the valve-specific orifice jets and differ largely with different valve designs.
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